Purpose: Gene therapies via Noggin small interfering (si)RNA (siNoggin) and bone morphogenetic protein (BMP)-2 plasmid DNA (pBMP-2) may be promising strategies for bone repair/regeneration, but their ideal delivery vectors, efficacy difference, and underlying mechanisms have not been explored, so these issues were probed here. Methods: This study used lipopolysaccharide-amine nanopolymersomes (LNPs), an efficient cytosolic delivery vector developed by the research team, to mediate siNoggin and pBMP-2 to transfect MC3T3-E1 cells, respectively. The cytotoxicity, cell uptake, and gene knockdown efficiency of siNoggin-loaded LNPs (LNPs/siNoggin) were studied, then the osteogenic-differentiation efficacy of MC3T3-E1 cells treated by LNPs/pBMP-2 and LNPs/ siNoggin, respectively, were compared by measuring the expression of osteogenesis-related genes and proteins, alkaline phosphatase (ALP) activity, and mineralization of the extracellular matrix at all osteogenic stages. Finally, the possible signaling pathways of the two treatments were explored. Results: LNPs delivered siNoggin into cells efficiently to silence 50% of Noggin expression without obvious cytotoxicity. LNPs/siNoggin and LNPs/pBMP-2 enhanced the osteogenic differentiation of MC3T3 E1 cells, but LNPs/siNoggin was better than LNPs/pBMP-2. BMP/ Mothers against decapentaplegic homolog (Smad) and glycogen synthase kinase (GSK)-3β/ β-catenin signaling pathways appeared to be involved in osteogenic differentiation induced by LNPs/siNoggin, but GSK-3β/β-catenin was not stimulated upon LNPs/pBMP-2 treatment. Conclusion: LNPs are safe and efficient delivery vectors for DNA and RNA, which may find wide applications in gene therapy. siNoggin treatment may be a more efficient strategy to enhance osteogenic differentiation than pBMP-2 treatment. LNPs loaded with siNoggin and/ or pBMP-2 may provide new opportunities for the repair and regeneration of bone.
Introduction
Bone defects caused by trauma, tumor, inflammation, or other diseases are problems worldwide. They bring about not only suffering and inconvenience to patients, but also constitute a heavy financial burden to patients and society due to the huge expenditures from direct costs (medical treatments) and indirect costs (loss of productivity).
For example, after blood, bone is the second most common type of transplanted tissue. In the US, about 0.5-1.5 million cases of bone grafting per year are done, leading to a market for bone grafting of $1.6-$2.5 billion. 1 In Canada, the mean direct costs for established long-bone non-unions have been calculated to be CN$11,800, and the indirect costs for a tibia fracture to be 67-79% of total costs. 2 Bone tissue has intrinsic regenerative capacity, but satisfactory restoration in structure and function as well as the recovery time remain challenges due to the limited natural regeneration ability of bone, especially in patients with large defects, comorbidity, or biomechanical instability. 1, 3 Therefore, development of intervention strategies to promote the repair and regeneration of bone in terms of quality and speed is important. Intervention strategies such as bone grafting as well as use of osteoinductive/osteoconductive matrices, stem cells, signaling molecules, and genes, alone or in combination, have been developed, and much progress has been made. 1, [3] [4] [5] [6] [7] [8] Among these strategies, gene-based therapies via delivery of osteogenesis-related nucleic acids (eg, DNA, small interfering (si)RNA into target cells have been demonstrated to be promising due to their high specificity and low toxicity. 1, 5, 6, 8, 9 Bone morphogenetic protein (BMP) signaling has a pivotal role during osteogenesis. Increased expression of BMPs can enhance bone regeneration, which can be realized by "turning on" activator genes via DNA transfection, or by "turning off" inhibitor genes via siRNA transfection. Several genes can regulate BMP signaling, but BMP-2 has been used extensively due to its potent osteoinductive ability, and it is one of two proteins (the other one is BMP-7) approved for clinical use in bone defects in the US. Accordingly, Noggin (an antagonist of BMP), which can bind and inactivate BMP-2, -4, -5, -7, -13, and -14, has attracted much attention. [10] [11] [12] Upregulating expression of BMP-2 or downregulating expression of Noggin alone or in combination can promote osteogenic differentiation of several cell types and bonetissue formation in vitro and in vivo. [11] [12] [13] [14] [15] [16] [17] [18] [19] However, the difference in efficacy and the underlying molecular mechanisms between treatment of BMP-2 and Noggin siRNA mediated by the same vector has not been reported. Gene vectors are important factors for successful gene therapy. "Naked" genes must be transported to their action sites in cells by viral or nonviral vectors due to their nature, such as negative charge, susceptibility to degradation, and large size. Usually, nonviral vectors have superior safety and lower cost, but limited transfection efficiency compared with those of viral vectors. To improve the transfection efficiency of nonviral vectors, numerous strategies have been developed to modify vectors to overcome the barriers in gene delivery, as reviewed thoroughly by Zhou et al. 20 However, the "ideal" vector has yet to be identified, and exploring safe and efficacious systems is a major concern for gene therapies for osteogenesis. "Polymersomes" are vesicles self-assembled from amphiphilic copolymers. They consist of an aqueous core and enclosed hydrophobic membranes surrounded by hydrophilic coronas. As nonviral vectors, polymersomes have attracted considerable attention due to their controllable structure, nature (size, degradability, stability, and tailor-made surface chemistry for target delivery), and ability to load hydrophilic, hydrophobic, or amphiphilic compounds alone or in combination. 21, 22 Zhong and colleagues synthesized chimeric polymersomes composed of polyethylene glycol (PEG), P(TMC-DTC) and polyethylenimine (PEI) blocks, and then decorated them with different peptides targeting brain and tumor cells, respectively. 23, 24 When using these functionalized polymersomes as vectors for anti-polo-like kinase 1 siRNA, they showed excellent packaging and protection of siRNA in their lumen while releasing "payloads" in a cytoplasmic reductive environment quickly. Such siRNA-loaded polymersomes could significantly boost targeted siRNA therapy against human lung cancer and glioblastoma in nude mice by prolonging the circulation time of siRNA, enhancing siRNA accumulation in cancer cells, silencing target genes, and suppressing the corresponding protein expression. Ge et al 25 used a PEG-PCL-DEX polymersome-protamine vector to mediate siRNA to transfect SMMC-7721 cells, and expression of the target gene could be reduced to 61.73%±6.25%. Our research team has developed a nonviral vector of lipopolysaccharideamine nanopolymersomes (LNPs) for gene delivery. [26] [27] [28] [29] LNPs are prepared from a synthesized water soluble and degradable three-block-graft copolymer containing oxidized sodium alginate (OA; which forms the backbone), and cholesteryl-graft-polyethylenimine (Cho-PEI; 1.8 kDa of Mn PEI ; which forms the side chains).
We have demonstrated that LNPs have low cytotoxicity, degradability, excellent abilities to enter cells, and to escape from lysosomes, as well as high stability against dilution, pH, heparin, salts, and serum. 29 LNPs have transfection efficiency >95% when delivering plasmids encoding enhanced green flurescent protein (pEGFP) into mesenchymal stem cells (MSCs) 26 and induce significant angiogenesis in zebrafish when delivering plasmids encoding vascular endothelial growth factor (pVEGF). 28 When using LNPs to deliver pBMP-2 into MSCs, expression of BMP-2 protein in MSCs can be enhanced. 27 Based on the data mentioned above, to explore whether LNPs are good candidate vectors for siRNA delivery, we evaluated the knockdown efficiency of Noggin siRNA (siNoggin) mediated by LNPs. Meanwhile, we compared the osteogenic differentiation between LNPs/pBMP-2 and LNPs/siNoggin, and then investigated the underlying molecular mechanisms. In this way, we hope that greater understanding of bone repair via siRNA or pDNA (or both) can be obtained and, thus, more choices provided for clinical treatment.
Materials and methods Materials
LNPs were synthesized following our established method. 26 
Complexation of siRNA or pDNA with vectors
First, stock solutions of LNPs (0.67 mg/mL) and siRNA (20 µM) in nuclease-free sterile water were prepared and stored at 4°C until further use. Before use, the two stock solutions were diluted separately with culture medium to a certain concentration. Then, equal volumes of the two diluted solutions were mixed thoroughly and incubated at room temperature for 10 minutes to allow formation of LNPs/siNoggin complexes. Complexes of LNPs/ ctrRNA, which were used as controls to clarify the Noggin-targeted specificity of siNoggin, were prepared by the same method. Likewise, complexes of lipo/ siNoggin and lipo/ctrRNA were prepared, whereby the lipo concentration followed manufacturer suggestions. In addition, 50 nM of siRNA (final concentration in the culture medium) was used for cell transfection according to manufacturer instructions and our preliminary results (data not shown). Complexes of LNPs/pBMP-2 (molar ratio of the amino groups in LNPs to the phosphate groups in pBMP-2 was 60) with optimal transfection were prepared according to a method reported by our research team. 26, 27 All complex solutions were used immediately after preparation.
Cell culture and osteoblast differentiation
MC3T3-E1 cells were cultured in basal growth medium (α-MEM, 10% FBS, 1% Penicillin/Streptomycin) at 37°C with 5% carbon dioxide. To induce osteogenic differentiation, cells were first cultured in basal growth medium until 60-70% confluence, and then transferred to osteogenic medium containing 0.1 µM of dexamethasone, 50 µg/mL of ascorbic acid, and 10 mM of β-glycerol phosphate. 
Cell uptake of siRNA
In this experiment, Alexa Fluor 555-labeled siRNA was used to prepare complexes of LNPs/siRNA and lipo/siRNA. The efficiency of cell uptake efficiency was defined as the percentage of cells with red fluorescence. MC3T3-E1 cells were seeded in six-well plates (10 6 cells/well) and cultured until 60% confluence. Complexes of vector/siRNA with different concentrations were added to culture medium, and cells were incubated for 4 hours. Then, medium was replaced with new growth medium, and cells were cultured continuously for 24 hours. Thereafter, some cells were observed under an automatic inverted fluorescence microscope (DMI8; Leica, Wetzlar, Germany), and the other cells were cultured continuously and harvested at 48 hours for measurement of celluptake efficiency with a flow cytometer (FC500MPL; Beckman Coulter, Fullerton, CA, USA), as described previously. 26 Combining the results from cytotoxicity studies and this experiment, the final concentration of vectors in the culture medium for optimal transfection (maximal efficiency of cells with minimal cytotoxicity) were determined to be 3.35 μg/mL LNPs for LNPs/siRNA and 2.50 µL/mL lipo for lipo/siRNA, respectively, and they were used for subsequent experiments unless specified otherwise.
Cell proliferation assay
The effects of transfection upon cell proliferation were determined using a CCK-8 kit as described for the cytotoxicity test with some changes. That is, in the cellproliferation test, cells were treated with LNPs/siNoggin instead of LNPs, and MC3T3-E1 cells were cultured continuously for 7 days after transfection, the absorbance of which was measured on days 1, 3, 5, and 7, respectively.
ALP activity in transfected cells
MC3T3-E1 cells were seeded in 6-well plates (1×10 6 cells/ well) and cultured until 60% confluence. Then cells were treated with LNPs/siNoggin for 4 hours, followed by incubation in osteogenic medium for 7 days or 14 days. During this period, osteogenic medium was exchanged every 3 days. At predetermined time points, cells were lysed for assays of total-protein concentration and ALP activity. The protein concentration was detected by a BCA assay kit following manufacturer protocols. ALP activity was measured by an ALP kit according to manufacturer instructions.
Mineralization of the extracellular matrix (ECM)
Mineralization in MC3T3-E1 cells was determined by Alizarin Red staining. 30 MC3T3-E1 cells were cultured and treated as described for the ALP-activity test. After 28 days of culture in osteogenic medium, cells were washed with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde for 30 minutes, rinsed with PBS, and stained in 2% Alizarin Red solution for 15 minutes at room temperature, followed by thorough washing with PBS. Thereafter, some stained cells were observed under an inverted microscope (Axio Observer Z1; Zeiss, Oberkochen, Germany) to evaluate the formation of calcified nodules. To quantify mineralization, the other stained cells were incubated in 10% cetylpyridinum chloride for 30 minutes to dissolve calcified nodules, and their absorbance at 562 nm was measured.
Real-time polymerase chain reaction (RT-PCR) quantification of Noggin mRNA and Runx2 mRNA MC3T3-E1 cells were cultured and treated as described for the ALP-activity test. We undertook RT-PCR according to a reported method. 6, 8, 30 Briefly, after culture in osteogenic medium for 2, 7, and 14 days, total RNA in cells was extracted using TRIzol Reagent. Then, 0.5 µg of total RNA was reverse-transcribed to cDNA using a Prime-Script RT kit according to manufacturer instructions. RT-PCR was carried out a RT-PCR instrument (LightCycler 480 SYBR Green I Master). Expression of target genes was calculated by the 2 −Ct△△ method using expression of the housekeeping gene (GAPDH) as a control. The target primer sequences are listed in the Supplementary Materials.
Western blotting
Western blotting was done using a standard method. Briefly, MC3T3-E1 cells were cultured and treated as described above in the ALP-activity test. After culture in osteogenic medium for a predetermined time, cells were lysed for extraction of total protein. The concentration of total protein was determined with a BCA assay kit according to supplier protocols. Then, the proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using 8% gels and transferred to polyvinylidene difluoride (PVDF) membranes. After blockade, PVDF membranes were incubated overnight using antibodies against mouse Noggin, BMP-2, OPN, β-catenin,
), and GAPDH. All antibodies were diluted to 1:1,000. Finally, the PVDF membranes were incubated with secondary antibody (1:2,000 dilution) for 1 hour at room temperature. Western-blotting signals were detected using ECL Plus (Millipore, Billerica, MA, USA).
Statistical analyses
Data are the mean±standard deviation (n=3). Statistical tests were undertaken using one-way analysis of variance by Prism 6.0 (GraphPad, La Jolla, CA, USA) or SPSS v-20.0 (IBM, Armonk, NY, USA). P<0.05 was considered significant.
Results

Toxicity of lnps to MC3T3-E1 cells
Safety is the most important parameter for a gene-delivery vector, and cytotoxicity is the basic mode of evaluation. The cytotoxicity of LNPs was measured by cell viability using the CCK-8 assay. Lipo3000, a commercially available transfection reagent, was used as a control, and MC3T3-E1 cells were used as "model" cells. In the concentration range tested, 48 hours after transfection, in the LNPs group, cell viability was~20% higher than that in untreated cells (Figure 1 ), which could be ascribed to the rapid proliferation of untreated MC3T3-E1 cells. At 48 hours after transfection (at~60 hours after seeding), untreated cells were crowded, and their metabolic activity decreased due to contact inhibition; whereas, after adaptation to transfection, the transfected cells had high metabolic activity. In the lipo group, cell viability was comparable with that of untreated cells at ≤2.5 µL/mL, but further increases in concentration (≥3.75 µL/mL) decreased cell viability. Cells treated with 3.35 µg/mL of LNPs (the concentration for optimal transfection) showed high viability, which was slightly higher than that for cells treated by 2.5 µL/mL of lipo, but the difference was not significant. The low cytotoxicity of LNPs was consistent with previous data from our research team, in which the viability of transfected MSCs was~88% at 25 μg/mL of LNPs for 48 hours of incubation. 26 However, in the present study, we used a lower concentration (the upper concentration of LNPs was 13.4 μg/mL) and, thus, cells showed higher viability.
Cell uptake
siRNAs must enter cells to exert their functions. Therefore, we measured the cellular uptake of LNPs/siNoggin labeled by Alexa Fluor 555 by fluorescence and flow cytometry. When the concentration of LNPs was ≤5.025 μg/mL, cells treated by LNPs/siNoggin emitted strong red fluorescence 24 hours after transfection (Figure 2A ), suggesting successful uptake of LNPs/siNoggin. In addition, cells (bright-field images) exhibited a fusiform appearance with~95% confluence, which was similar to that of blank (untreated) cells, indicating that the cells were healthy. These data further confirmed the low cytotoxicity of LNPs because cell morphology is a visual indicator of cytotoxicity. Upon increasing the concentration of LNPs to 6.7 μg/mL, strong red fluorescence remained, but cells shrank and decreased in number, and a few extracellular fragments could be seen, suggesting that use of this concentration may be slightly harmful to cells. When the concentration of lipo was ≤2.5 µL/mL, cells treated by lipo/siNoggin were healthy, with~50% confluence ( Figure 2B ), which suggested the low toxicity of reagents. Also, the distribution of red fluorescence became denser with an increase in concentration, suggesting an increase in the cell-uptake efficiency of lipo/siNoggin; when the concentration of lipo increased to 3.75 µL/mL, the health of cells deteriorated obviously. Figure 2C shows the cell uptake efficiency of LNPs/ siNoggin and lipo/siNoggin 48 hours after transfection. The maximal cell-uptake efficiency was 97.8% for LNPs/siNoggin at 3.35 μg/mL of LNPs, and 74.6% for lipo/siNoggin at 2.5 µL/mL of lipo. From the results of cytotoxicity and cell uptake, we concluded that 3.35 μg/mL of LNPs for LNPs/siNoggin and 2.5 µL/mL of lipo for LNPs/siNoggin were the concentrations for optimal transfection (the concentration at which the gene-delivery systems showed maximal efficiency of cell uptake with minimal cytotoxicity).
Knockdown of Noggin by LNPs/siNoggin
To evaluate gene-knockdown efficiency via LNPs/siNoggin, Noggin expression in transfected MC3T3-E1 cells was tested by RT-PCR ( Figure 3A) . To clarify the specificity of siRNA on target genes, we undertook transfection using Noggin-targeted siRNA (siNoggin) and non-targeted siRNA (ctrRNA). siNoggin treatment led to much lower expression of Noggin and Noggin protein in cells than ctrRNA treatment using the same vector. For example, compared with LNPs/ctrRNA treatment, LNPs/siNoggin treatment decreased expression of Noggin and Noggin protein by 40% and 35%, respectively. Compared with the blank, 2 days after transfection, the LNPs/siNoggin group had a knockdown efficiency for Noggin of 50%, but that of lipo/siNoggin was 25%. Then, to further verify gene suppression, expression of Noggin protein in transfected MC3T3-E1 cells was detected by Western blotting 3 days after transfection (Figures 3B and C) . Expression of Noggin protein decreased by 40% in the LNPs/siNoggin group and 20% in the lipo/siNoggin group. These results of Nogginprotein expression were consistent with Noggin knockdown, and showed that LNPs: could deliver siNoggin into cells to suppress noggin expression; were a more efficient gene delivery vector than lipo; and could induce two-fold higher gene-knockdown efficiency than that induced by lipo.
Effects of transfection via different delivery systems upon cell proliferation
The effects of transfection via LNPs/siNoggin and LNPs/ pBMP-2 upon cell proliferation were examined using the CCK-8 assay. During days 1-7 of culture after transfection, MC3T3-E1 cells proliferated with time in all groups ( Figure 4 ). This finding is consistent with the reported developmental sequence of MC3T3-E1 cells, which replicate actively during the initial developmental phase (days 1-9 of culture), as evidenced by a progressive increase in cell number. 31 As expected, cells treated by LNPs/(ctrRNA or siNoggin or pBMP-2) exhibited higher proliferation than cells untreated or treated by lipo/(ctrRNA or siNoggin), indicating that LNPs/(siNoggin or pBMP-2) could enhance proliferation of MC3T3-E1 cells. On day-7, the proliferation in LNPs/pBMP-2 is higher than that in LNPs/siNoggin, whereas no obvious difference was observed between them before day 7. Based on the results from experiments on the viability, morphology, and proliferation of cells, we concluded that LNPs and LNPs/ (siNoggin or pBMP-2) did not show obvious toxicity, and could enhance proliferation within 7 days.
ALP activity of MC3T3-E1 cells treated by LNPs/siNoggin
ALP activity was measured to assess the effects of LNPs/ siNoggin treatment on osteogenesis of MC3T3-E1 cells ( Figure 5A ). ALP activity increased with culture time in all groups, and vector/siNoggin treatment led to higher ALP activity than that observed with vector/ctrRNA treatment. Compared with untreated cells, treatment with LNPs/siNoggin, LNPs/pBMP-2, or lipo/siNoggin enhanced ALP activity in cells by approximately 1.98-, 1.45-, and 1.28-fold on day 7, and by 1.56-, 1.42-, and 0.98-fold on day 14, respectively, suggesting that the ability of complexes for promoting ALP activity was in the order LNPs/siNoggin > LNPs/pBMP-2> lipo/siNoggin.
Effects of LNPs/siNoggin on expression of Runx2 mRNA
Runx2 is a major transcription gene that regulates osteogenic differentiation. Runx2 expression in MC3T3-E1 cells was examined by RT-PCR on days 7 and 14. Expression of Runx2 mRNA increased on days 7 and 14 in all groups compared with that in the blank (untreated) cells ( Figure 5B ). Compared with untreated cells, on day-7, Runx2 expression increased to 1.75-, 1.50-, and 1.50-fold in LNPs/siNoggin, LNPs/pBMP-2, and lipo/siNoggin groups, respectively; on day-14, the corresponding value was 1.22-, 1.14-, and 1.18-fold, respectively, but a significant difference was not found between groups at this time. Based on these results, we concluded that LNPs/siNoggin could contribute more to improving expression of Runx2 mRNA in MC3T3-E1 cells than LNPs/pBMP-2 and lipo/siNoggin.
ECM mineralization
Late-stage osteogenesis was characterized further by examining ECM mineralization through Alizarin Red staining on day-28. Compared with the blank, all transfection groups had significantly enhanced formation of calcified nodules (stained red) in MC3T3-E1 cells ( Figure 6A ). The mineralization level in the LNPs/siNoggin group was 1.2-fold higher than that in the LNPs/pBMP-2 group, and was comparable between the groups of LNPs/pBMP-2 and lipo/siNoggin ( Figure 6B ), indicating that promotion of mineralization regulated via LNPs/siNoggin was more powerful than that via LNPs/pBMP-2 at the late stage of osteogenesis.
Effects of gene transfection on expression of osteogenic proteins
After assessing the effect of gene transfection on osteogenic differentiation via measuring expression of related genes, we further assessed this effect by determining the expression of related proteins in transfected MC3T3-E1 cells at different osteogenesis stages using Western blotting.
At the early stage of osteogenesis (1-7 days of culture), compared with untreated cells, transfection increased protein expression of BMP-2, OPN, Runx2, and β-catenin in cells. However, expression of OPN protein in the lipo/siNoggin group and β-catenin protein in the LNPs/pBMP-2 group on day-3 was not significantly different from that of blank (untreated) cells. The same was true for expression of OPN and Runx2 proteins in the lipo/siNoggin group and BMP-2 and Runx2 proteins in the LNPs/pBMP-2 group on day-7 (Figure 7 ). LNPs/siNoggin led to higher expression of protein than that elicited by LNPs/ pBMP-2 or lipo/siNoggin treatment. For example, compared with the LNPs/pBMP-2 group, on day-3, protein expression of BMP-2, OPN, Runx2 and β-catenin in the LNPs/siNoggin group increased by 1.57-, 1.66-, 1.64-, and 1.43-fold ( Figures 7A and B) andon day 7, it increased by 1.48-, 1.19-, 1.50-, and 1.28-fold, respectively ( Figures 7C and D) . Abbreviations: LNPs, lipopolysaccharide-amine nanopolymersomes; lipo, lipofectamine3000. 1.34-fold compared with that in untreated cells, but expression of these two proteins in LNPs/pBMP-2 and lipo/siNoggin groups was almost identical to that in untreated cells.
Taken together, during all stages of osteogenesis, in the case of osteogenesis-related protein expression, LNPs/siNoggin exhibited the strongest ability to promote osteogenic differentiation of MC3T3-E1 cells among LNPs/siNoggin, LNPs/pBMP-2, and lipo/ siNoggin. At early and intermediate stages, lipo/ siNoggin showed a stronger ability to promote osteogenic differentiation than that by LNPs/pBMP-2. At the late stage of osteogenesis, lipo/siNoggin or LNPs/pBMP-2 contributed little to osteogenic differentiation, and their osteogenesis-related protein expression was almost identical to that in untreated cells. Therefore, we may conclude that LNPs are more efficient gene-delivery vectors compared with lipo, and that the negative regulation of suppressors via LNPs/ siNoggin may be better in osteogenic differentiation than positive regulation of promoters via LNPs/ pBMP-2. 
Effects of LNPs/siNoggin on BMP/Smad and GSK-3β/β-catenin signaling pathways
Noggin is an antagonist of BMP-2/4/5/6/7/13/14. BMP-2/4/ 6/7/14 has been demonstrated to enhance osteogenic differentiation and bone formation. Binding of Noggin to BMP-2/ 4/7/14 inhibits signaling pathways induced by BMPs through blockade of binding sites for the type-I and type-II receptors of BMPs. 8, 10, 30, 32 It is clear that the BMP/Smad signaling pathway is involved in osteogenic differentiation and bone formation upon siNoggin treatment, but whether other signaling pathways are involved is not clear.
Among signals stimulating bone formation, BMP/ Smad and GSK-3β/β-catenin signaling pathways are two of the most critical. In the BMP/Smad signaling pathway, BMPs bind to and activate receptors to phosphorylate Smad/1/5/9 proteins, which further drives osteogenic differentiation. In the GSK-3β/β-catenin signaling pathway, inhibition of GSK-3β activity is a key step that protects β-catenin from degradation and leads to its accumulation in cytoplasm, and then β-catenin translocates to the nucleus to drive osteogenic differentiation. 33, 34 GSK-3 is a widely expressed and highly conserved serine/threonine protein kinase. It is encoded by two genes that generate two related proteins (GSK-3α and GSK-3β) and acts downstream of several essential osteogenesis-related signaling pathways such as phosphatidylinositol 3' kinase (PI3K), Wnt/β-catenin, Hedgehog, and Notch pathways. The mechanism of GSK-3 regulation is not fully understood, but it has been demonstrated that GSK-3 activity can be suppressed by: phosphorylation of GSK-3β (p-GSK-3β) induced by agonists (eg, eurotrophins, growth factors); formation of protein complexes of GSK-3β induced by Wnt ligands; intracellular localization. 33 Therefore, we tested if LNPs/siNoggin treatment activated BMP/Smad and GSK-3β/β-catenin signaling pathways by measuring their respective protein expression of Smad/1/5/9 and p-Smad/1/5/9, GSK-3β, and p-GSK-3β (Ser 9 ) and β-catenin by Western blotting.
Compared with untreated cells, treatment of LNPs/ siNoggin, lipo/siNoggin, or LNPs/pBMP-2 up-regulated protein expression of p-Smad/1/5/9 by 2.38-, 1.52-, and 1.05-fold, and of p-GSK-3β (Ser 9 ) by 2.53-, 2.26-, and 1.61-fold, respectively ( Figure 9 ). Up-regulation of p-GSK-3β further increased expression of β-catenin protein by 1.61-, 1.32-, and 0.95-fold in LNPs/siNoggin, lipo/siNoggin, and LNPs/pBMP-2 groups, respectively ( Figure 7) . Finally, the osteogenic differentiation marked by ALP activity, mineralization, and the genes and proteins of osteogenic markers was enhanced (Figures 5-7) . These results suggested that: Noggin suppression from siNoggin treatment promoted osteogenesis differentiation possibly by the BMP/Smad and GSK-3β/β-catenin signaling pathways; LNPs may be more efficient gene-delivery vectors than lipo; siNoggin treatment may be more efficient for stimulating osteogenic differentiation than pBMP-2 treatment via delivery of nonviral vectors. We obtained some evidence that siNoggin treatment affects the GSK-3β/β-catenin signaling pathway. However, the detailed underlying molecular mechanisms (how the regulation of GSK-3β activity is triggered, the ratio of phosphorylated and unphosphorylated β-catenin, and the concentration of unphosphorylated β-catenin in nuclei) were not revealed, but merit detailed study.
Discussion
Gene therapy based on RNA or DNA can offer a new, efficacious option for treatment of bone defects. Theoretically, osteogenesis can be enhanced through downregulation of negative (eg, by gene silencing) or upregulation of the positive (eg, by gene expression) regulators of osteogenic signaling. In osteogenic gene therapy, BMP-2 (DNA) and siNoggin (siRNA) are used extensively alone or in combination, and have been demonstrated to be potent in promoting osteogenesis in vitro or in vivo. 1, 5, 6, 8, 16, 20, 35 The safety and efficacy of gene therapy are dependent largely on gene-delivery vectors, and an ideal gene-delivery vector has not been identified. Therefore, the first goal of our work was to explore whether the LNPs, which were developed by our research team and have been shown to mediate the transient transfection of pDNA, [26] [27] [28] [29] were also good candidates for siRNA delivery. MC3T3-E1 cells were chosen as target cells for the study of transfection and osteogenic differentiation. MC3T3-E1 cells are clonal osteoblast-like cells from murine calvaria with distinct proliferative and differentiated stages in culture. They are a recognized in vitro model of osteoblast development due to their convenience and a developmental sequence similar to osteoblasts in bone tissue. 31 Hence, MC3T3-E1 cells are used widely in the study of osteogenic differentiation. 6, 31, 36, 37 LNPs could deliver siNoggin into MC3T3-E1 cells in the present study. Optimal transfection could be achieved at 3.35 μg/mL of LNPs and 50 nM of siRNA with uptake efficiency of~98% and minimal cytotoxicity. The latter was evidenced by the higher viability, similar morphology, and enhanced proliferation of cells compared with those of the untreated cells (Figures 1 and 2 ). At this condition, delivery of LNPs/siNoggin into MC3T3-E1 cells led to a silencing efficiency of Noggin of 50% ( Figure 3A ). This value is not the higstest among reported nonviral vectors, but is attractive because it is relatively higher than that for most reported nonviral vector systems and close to the viral vector system for siNoggin delivery. For example, for a viral vector delivery system, about 30-70% of gene knockdown can be achieved using lentiviral particles containing shRNA targeting Noggin to transduce adipose-derived mesenchymal stem cells (ASCs). 30, 38 For nonviral vector/siNoggin systems, the efficiency of gene knockdown is about 45-50% in ASCs using a vector of cationic sterosomes of stearylamine/cholesterol vesicles, 17 25% in ASCs when using a vector of commercially available lipo 2000, 17~2 5% in MC3T3-E1 cells when using a vector of lipo in the present study ( Figure 3A) , and <20% in human MSCs when using a vector of PEI. 15 Recently, 68% of Noggin knockdown has been reported using a supramolecular vector comprising anionic fusogenic peptides and biocleavable cationic polyrotaxanes (GALA/DMAE-SS-PRX) to transfect MC3T3-E1 cells. 6 Such high knockdown efficiency is attributed to the improved escape of siRNA polyplexes from endosomes-/ lysosomes whose membranes are destabilized by the protonation of fusogenic peptides at acidic pH. Also, in vitro osteogenic differentiation at intermediate and late development stages and in vivo efficacy of bone formation mediated by this vector have been postulated. LNPs/siRNA had higher transfection efficiency compared with lipo/siRNA, which may be ascribed to their different delivery mechanisms. Lipo is thought to facilitate transfection in the early stages by mediating nucleic-acid condensation and nucleic acid-cell interactions (https:// www.thermofisher.com/cn/zh/home/references/gibco-cellculture-basics/transfection-basics/gene-deliverytechnologies/cationic-lipid-mediated-delivery/howcationic-lipid-mediated-transfection-works.html).
With regard to LNPs, the natural merits of three blocks (PEI 1.8k, cholesteryl, OA) and the newly acquired properties of lipopolysaccharide-amine copolymer and formation of polymersomes overcome the barriers in different steps during cytosolic delivery, which has been explained in detail in our previous publications. 26, 28 For example, LNPs/siRNA can efficiently enter cells, which is attributed to synergistic facilitation of endocytosis via ionic attraction from cationic PEI blocks and a receptor-mediated cholesterol-uptake pathway from the cholesteryl block. Then, LNPs/siRNA can escape efficiently from endosomes/lysosomes, which is ascribed to an increased membrane-disrupting ability of LNPs at an acidic pH of endosomes/lysosomes. That is, at an acidic pH, PEI and OA are protonated sufficiently, which induces a "proton sponge effect" (from PEI protonation) and enhances interactions between LNPs and endosomes/lysosomes membranes due to the increases in positive charge density (PEI protonation) and hydrophobicity (OA protonation).
Comparing vectors is difficult due to differences in the: cell types and their culture conditions, concentrations of nucleic acid and vectors; transfection timing; characterization methods; and way data are presented. For example, protein expression can be an absolute value from enzymelinked immunosorbent assays or fold-change compared with the control from Western blots. Therefore, setting standards for evaluation of nucleic acid-based delivery therapy is important. Controllable expression of Noggin in a reasonable range is necessary for a good vector, and the final efficacy is the only "gold standard". As such, for appropriate and controlled regeneration of bone, optimal expression of Noggin should be explored in efficacy experiments.
Based on the concepts mentioned above, after probing the knockdown efficiency of LNPs/siNoggin, we investigated the effects of LNPs/siNoggin on the expression of Noggin protein and osteogenic differentiation of MC3T3-E1 cells at different development stages. Suppression of Noggin led to reduced expression of Noggin protein. In the LNPs/siNoggin group, the expression of Noggin protein decreased by 40% compared with that in the blank, which was significantly lower than that in the lipo/siNoggin group (decreased by 20%) (Figure 3 ). Scholars have shown that a decrease in levels of endogenous Noggin upregulates BMP activity and thereby affects BMP-driven actions such as osteogenic differentiation, 8, 15, 17, 18, 30, 39 and our results are consistent with those studies. In detail, LNPs/siNoggin stimulated ALP activity, increased expression of Runx2 mRNA, and BMP-2 protein at an early stage, and enhanced expression of osteogenic proteins and mineralization of MC3T3-E1 cells significantly at the medium and late stages of cell differentiation ( Figures 5-9 ). Taken together, these results suggest that LNPs are good nonviral vectors for siNoggin delivery, and that LNPs/siNoggin can promote osteogenic differentiation of MC3T3-E1 cells, thereby indicating their promising future in bone repair and regeneration.
example, Ramasubramanian et al 19 reported that delivery of pBMP-2 alone upregulated expression of osteogenic markers slightly in hADSCs, whereas co-delivery of siNoggin and pBMP-2 (cells first treated by siNoggin/ lipid and then pBMP-2/PBAE C32-122 polymer) accelerated their osteogenic differentiation significantly with a marked increase in bone-marker expression and ECM mineralization. The first reason for this difference in efficacy may be because Noggin binds and inactivates BMP-2/4/5/7/13/14.
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BMP-2/4/7/14 have been reported to induce osteogenic differentiation of MSCs, ADSCs, and MC3T3-E1 cells in vitro and in vivo. 11, 12, 16 As a result, Noggin silencing leads to activation of other downstream pathways besides BMP-2, and their synergistic actions may be more beneficial to osteogenesis than the activation of BMP-2 signaling alone induced by LNPs/pBMP-2. Protein expression of p-Smad/1/5/9, p-GSK-3β, Runx2 and β-catenin provide evidence of this hypothesis (Figure 9 ), which suggests that LNPs/ pBMP-2 treatment causes activation of the BMP/Smad signaling pathway, but LNPs/siNoggin treatment may (at least) activate BMP/Smad and GSK-3β/β-catenin signaling pathways. The second reason may be the different mechanisms of action of siRNA and pDNA. pDNA delivery undergoes a longer path with more barriers than that of siRNA because the action site is in the cell nucleus for DNA and in the cytoplasm for siRNA. Also, production of the target protein via pDNA delivery can occur only in dividing cells, but suppression of the target protein via siRNA delivery can occur in dividing and non-dividing cells. In addition, unwanted genetic changes may occur due to integration of exogenous DNA sequences into host DNA. 8 Also, Noggin knockdown can increase angiogenesis, which will further facilitate bone formation. 40 Collectively, for biomaterial-mediated delivery of nucleic acids, siNoggin therapy may be a more efficacious, safer, and easier alternative technology than pBMP-2 therapy to regulate expression of the target protein for tissue regeneration. Further (especially efficacy verification in vivo) studies will be undertaken in the future.
Conclusions
We demonstrated that LNPs can deliver siNoggin into MC3T3-E1 cells efficiently to knock down Noggin in MC3T3-E1 cells with minimal cytotoxicity. This action significantly enhanced the expression of osteogenic markers and in vitro osteogenic differentiation, possibly through the BMP/Smad and GSK-3β/β-catenin signaling pathways. Compared with LNPs/pBMP-2, LNPs/siNoggin had better efficacy for osteogenic differentiation of MC3T3-E1 cells. Our results suggest that LNPs are efficient vectors for delivery of nucleic acids such as pDNA and siRNA. siNoggin delivery via nonviral vectors may be a more effective and alternative way to promote osteogenic differentiation than pBMP-2 delivery. LNPs/siNoggin alone or in combination with other stimulators may have great potential in the repair and regeneration of bone.
